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A microwave antenna (parabolic dish) and associated equipment used to beam tele- 
vision programs from remote points to main studios. Coming out of the rear of the 
reflector is the coaxial transmission line used to supply r-f power from mobile transmitter. 


Courtesy General Electric Co. 
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Y It matters not that you try and fail, 
And try and fail again, 
But it matters much if you try and fail 
And fail to try again. 


—Stanley B. Smullen 


TRANSMISSION LINES 


Picked up by the antenna, the 
television signals must be trans- 
ferred to the receiver input. The 
quality of reception depends upon 
the efficiency with which this 
energy is transferred, as well as 
upon the design of the antenna 
and the receiver. A very impor- 
tant link in the system is the 
transmission line which carries 
the energy from the antenna to 
the receiver. 


In general, a transmission line 
consists of a set of conductors 
employed to carry current of elec- 
tric power circuits over long dis- 
tances, or to transfer signal en- 
ergy from one location to an- 
other. 


In the case of d-c or low fre- 
quency a-c, it may be fairly easy 
to visualize a flow of electrons in 
one wire from the source to the 
load, and a return flow in another 
wire from the load to the source. 
Thus, any pair of parallel wires 
forms a simple transmission line 
and, together with the source 
and load, serves to confine the 
current to a definite path. 


However, at higher frequen- 
cies, the skin effect forces the cur- 
rent to travel closer to the outer 
surface of a conductor and causes 
an increase in the effective resist- 
ance. Also, the inductance and ca- 
pacitance of the conductors, as 
well as the leakage resistance be- 


tween them, become of consider- 
able importance. Thus, the vari- 
ous characteristics of any given 
transmission line must fall with- 
in limits which depends upon the 
frequency range of the signal en- 
ergy to be transmitted efficiently. 


BASIC TYPES OF LINES 


Two basic types of transmis- 
sion lines commonly employed for 
television are illustrated in Fig- 
ure 1. In Figure 1A the two-wire 
parallel conductor contains two 
conductors which are held at a 
constant separation and insulated 
from each other by some material 
such as polyethylene. Other terms 
applied to this type of line are 
TWIN-LEAD and OPEN WIRE LINE. 
Variations of this construction 
consist of conductors separated 
by insulating spacers at intervals; 
two conductors imbedded in the 
wall of polyethylene tubing so 
that the air core of the tubing 
serves as the dielectric between 
them; and two polyethylene jack- 
eted conductors which in turn are 
enclosed in a copper braid shield 
and a moisture-proof thermoplas- 
tic cover. The shield reduces ra- 
diation of energy and also pick-up 
of unwanted energy by the line. 


A transmission line using the 
basic construction shown in Fig- 
ure 1B is called a COAXIAL CABLE, 
or CONCENTRIC LINE. In this line, 
a central wire forms one conduc- 


Transmission Lines 


Page 5 





tor which is surrounded by a con- 
centric metallic covering that 
may be flexible or rigid and which 
forms the second conductor. The 
central conductor is held at the 
center of the outer conductor by 
means of a dielectric material. In 
some cases, the dielectric consists 
of a continuous tube of polyethyl- 
ene, and in others, beads of poly- 
styrene or pyrex are spaced at 
equal intervals along the inner 
conductor. The outer conductor 
confines the transmitted signal 
energy to the interior of the line, 
and also serves as a shield to pre- 
vent pickup of external energy. 
When flexible, usually this out- 
er conductor consists of copper 
braid, and as indicated in Figure 
1B, the coaxial cable is protected 
by a weatherproofing cover of 
rubber or plastic composition. 


LINE CONSTANTS 


As explained in an earlier les- 
son, depending on their construc- 
tion and the materials of which 
they are made, all circuits have 
definite resistance, capacitance, 
and inductance. While for d-c and 
low frequency a-c, the resistance 
is the major factor, at higher fre- 
quencies the capacitance and in- 
ductance become increasingly im- 
portant. In addition to resistance, 
capacitance, and inductance, a 
transmission line has a property 
known as SHUNT CONDUCTANCE 
which is a measure of the leakage 
current through the dielectric. 


This current exists because no 
dielectric is a perfect insulator. 





In this stacked array for VHF television recep- 

tion, the interconnecting harness consists of 

two-wire transmission lines, while a 300-ohm 

twin lead ribbon serves as the down-lead to 
the receiver. 


Courtesy Channel Master Corp. 


Known as “constants,” these 
properties are distributed evenly 
along the length of any uniform 
transmission line, and for conven- 
ience, may be indicated schemati- 
cally as a series of “lumped” com- 
ponents as shown in Figure 2. 
Here, the series L and R elements 
represent the resistance and in- 
ductance of the two conductors, 
the capacitors C represent the 
distributed capacitance, while the 
shunt conductance is indicated by 
the resistors R’ to show the paths 
of the leakage current. Thus, the 
leakage between conductors may 
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be expressed in the most conven- 
ient terms of either conductance 
Gor resistance R’, where G=1/R’. 


As indicated in Figure 2, if the 
line is considered as sections of 
equal length, all R, L, C, and R’ 
elements are respectively equal. 
However, even the diagram is not 
a true representation of an actual 
transmission line, because each in- 
finitely small unit of length adds 
something to the line. 


It is customary to express the 
leakage between conductors in 
terms of conductance G of somany 
micromhos per foot, or resistance 
R’ of so many megohms per foot. 
The capacitance C is expressed in 
micromicrofarads per foot, the in- 
ductance L in microhenrys per 
foot, and the resistance R in ohms 
per foot. 


In transmission lines of the 
types employed for television re- 
ceiving installations, R and G are 
small enough (R’ is large enough) 
to be neglected, leaving L and C 
as the chief factors to be consid- 
ered in addition to the load. In 
most cases, L and C are just as 
important as the load itself ; some- 
times they are even more im- 
portant. 


CHARACTERISTIC 
IMPEDANCE 


Each line section of Figure 2 
has a definite impedance depend- 
ing upon R, L, C, and R’, and when 
connected to a source of alternat- 


ing voltage will permit some spe- 
cific current. To increase the 
length of the line, additional sec- 
tions must be included, and due to 
the shunting effect, each added 
section will reduce the total im- 
pedance. However, each added sec- 
tion has less and less effect on the 
total impedance until finally their 
effect is negligible. Under these 
conditions, the line is considered 
as being infinite in length and the 
final impedance thus obtained is 
called the characteristic imped- 
ance, or surge impedance (Z,). 


The magnitude of the charac- 
teristic impedance depends upon 
the size and kind of wire, the in- 
ductance and capacitance per unit 
length, the nature of the medium 
separating the two wires, and the 
distance between them. Changes 
in any of these factors will change 
the characteristic impedance. Al- 
though it is impossible to con- 
struct a transmission line of in- 
finite length, it is convenient to 
rate transmission lines in terms 
of the impedance Z, which they 
would have if infinitely long. By 
making measurements on a given 
line of specific length, data can be 
obtained which permits calcula- 
tion to a very close approximation 
of the infinite line impedance. 


In each section of the line of 
Figure 2, two L and two R ele- 
ments make up the series imped- 
ance Z,, while the C and R’ ele- 
ments constitute the shunt im- 
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pedance Z,. That is, for any one 
section, the total series resistance 
Ry=2R, and the total series in- 
ductance Ly=2L. The total series 
impedance is equal to the vector 
sum of the resistance and react- 
ance, therefore, 


hh=VRF+kip- 


The shunt impedance consists of 
R’ and C in parallel, equal to their 
product divided by their sum. 
Since vector addition is necessary : 


R'xX. 
VRYEXE | 





In terms of the series and shunt 
impedances, the characteristic im- 
pedance of the line can be ex- 
pressed as: 


L=V ZxZ:, 
in which: 


Z,=characteristic impedance in ohms, 


Z,=series impedance in ohms per unit 
length, 


Z.=shunt impedance in ohms per unit 
length. 


As the quantities R and G are 
negligible for most practical lines, 
Z, almost equals 2r7fLy, and R’ is 
so much greater than X¢ that Z. 

1 





is almost equal to , at any 
27fC 


given frequency f. Thus, substi- 


tuting these values for Z, and Z, 
in the previous equation: 


1 
Zo= 4 (2nfL) x 
(2 £C) 
es 
“af SefC 
= 
=/> 


where: 








L=total inductance in henrys per 
unit length, 


C=shunt capacitance in farads per 
unit length. 


This expression assumes that 
the dielectric separating the con- 
ductors is air. In the solid dielec- 
tric lines, the impedance Z, is re- 
duced by the factor \/1/K, where 
K is the dielectric constant of the 





A coupling network for connecting as many as 
four receivers to a single lead-in. 


Courtesy JFD Mfg. Co., Inc, 
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insulating material, because it has 
the effect of increasing the capac- 
itance C per unit length of the 
line. Thus, for these types of 
transmission lines: 


L 


CK 


Z= 


WAVELENGTH AND 
VELOCITY 


In Figure 3, the small shaded 
circles A and B represent the con- 
ductors of a parallel wire line 
shown in cross section. At a given 
instant, a point along conductor 
A is positive and the correspond- 
ing point on B is negative. At this 
instant, the electric and magnetic 
fields about these points are as 
indicated by the solid and dashed 
lines, respectively. Here, the in- 
stantaneous direction of current 
is assumed to be into the page at 
conductor A and out of the page 
at conductor B. 


As shown by the arrows, the 
electric lines of force travel from 
A to B, while the magnetic lines 
move counterclockwise around A 
and clockwise around B. Thus, at 
every point where they cross, the 
electric lines are perpendicular to 
the magnetic lines, and both are 
perpendicular to the direction of 
current in the conductors. During 
succeeding instants, these’ fields 
travel along the line, and since 
they are produced by the moving 


charges or currents in the wires, 
they follow the current path, 
whether curved or straight. 


At various points along any one 
conductor of a transmission line, 
the current is in different direc- 
tions as indicated by the arrows 
drawn in the conductors (A) and 
(B) of Figure 4A. Also, at the 
corresponding points (1), (3), and 
(5), the currents are in opposite 
directions in the two conductors. 
The vertical lines represent the 
electric field between the conduc- 
tors, and as the arrows on these 
lines indicate, at points (1) and 
(5) the conditions are like those 
illustrated in Figure 3. At point 
(3), the conditions may be illus- 
trated by reversing the direction 
of the arrows on all the lines in 
Figure 3. 


Figure 4A indicates conditions 
at a single instant of time when 
the currents are zero at points 
(2) and (4). However, the cur- 
rents are changing constantly in 
magnitude, and a certain interval 
later, will be zero at points (1), 
(8), and (5). At this later mo- 
ment, the conditions at points (2) 
and (4) will be like those illus- 
trated at points (1) and (8) re- 
spectively. At a third time, the 
currents will be zero at points 
(2) and (4) again, and the fields 
will have maximum strength at 
points (1), (3), and (5), but their 
respective directions will be oppo- 
site to those shown. 
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Thus, due to the changing mag- 
nitudes and directions of the cur- 
rents at various points along the 
conductors, the regions of maxi- 
mum and minimum field strength 
travel along the transmission line 
in the direction of energy trans- 
mission. At the end of a given 
period of time, conditions again 
will be as shown in the Figure 4A 
and the entire series of events oc- 
curring during the interval is 
called a cycle. Thus, the number 
of cycles which occur each second 
depends upon the velocity at which 
the energy travels down the line, 
and upon the distance between 
any points, such as (1) and (5), 
at which like conditions exist. 


In Figure 4B, the sine curve 
indicates the amplitude and direc- 
tion of the conductor currents and 
the electric fields at successive 
points along the line of Figure 4A. 
However, this curve indicates the 
conditions at one particular in- 
stant only, and it must be moved 
from the left to right along its 
horizontal axis to represent the 
changes which occur with time as 
the transmitted energy travels 
along the line. The conductor cur- 
rent and field intensity variations 
occur in periodic manner, thus it 
is customary to consider the en- 
ergy as being transmitted in 
waves along the line. The wave 
length is the distance between 
any point and the next at which 
the instantaneous conditions are 
identical, such as between succes- 


sive peaks of maximum field in- 
tensity in the same direction as 
indicated at points (1) and (5) 
in Figure 4A. 


Indicated by the arrows in the 
conductors of Figure 4A at the 
instant shown, the currents have 
maximum magnitudes at points 
(1), (3), and (5). Also, as indi- 
cated by the concentration of the 
electric field lines, the difference 
of potential or voltage between 
the conductors is greatest at these 
same points. Thus, in the case il- 
lustrated, the voltage and current 
waves are in phase. 











A number of types of flat and tubular twin- 
lead transmission line. Notice the lower one 
is a double line. 


Courtesy American Phenolic Corp. 


For most transmission line ap- 
plications, this in-phase condition 
is desirable. The frequency of the 
waves designates the number of 
complete waves which pass a given 
point each second. Therefore, in 
the case of higher frequencies, 
more waves pass any given point 
each second than those of lower 
frequency. The wave velocity is 
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the same for all frequencies in a 
given medium such as a transmis- 
sion line, but the higher frequen- 
cies have shorter wavelengths. 
Thus, with relatively short wave- 
lengths, a larger number of high 
frequency waves can pass a given 
point each second, even though 
their velocity is the same as the 
lower frequency waves. 


When electromagnetic energy 
waves are traveling in free space, 
their wavelength is given by the 
expression: 


where: 


\= wavelength in meters 


f=frequency in cycles per second 


c=velocity of light in vacuum 
(approximately 300,000,000 
meters per second). 


However, in any other medium, 
such as a transmission line, the 
velocity v of electromagnetic 
waves is less than the free space 
velocity c. Thus for waves of the 
same frequency f, the wavelength 
d' in a transmission line for ex- 
ample is given by, 


Ve 

f 
These equations can be rear- 
ranged to read f=c/\ and f=v/y'. 


Since quantities which are 
equal to the same quantity are 
equal to each other: 


Finally, multiplying both sides by 


V gives: 
v= (Zr 


Since v is some positive num- 
ber between zero and ¢, the factor 
v/e is always some fraction be- 
tween 0 and 1. Therefore, this 
last equation shows that the 
wave length in the transmission 
line is always less than in free 
space. 


LINE TERMINATION 


Figure 5 shows a transmission 
line, L;, connected between a 
source of energy and a load. The 
end of the line connected to the 
generator or other source is called 
the SENDING END, while the other 
end is designated the RECEIVING 
END. The load may be a resist- 
ance, reactance, or impedance, and 
is said to “terminate” the trans- 
mission line. However, there are 
applications in which the line is 
not terminated in a load of this 
type. For example, in place of the 
load, a short circuit may be con- 
nected across the receiving end of 
the line. Terminated thus in a 
short, the line is called a shorted 
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line. A line may be terminated in 
an open circuit also, in which case 
it is called an open line. The prop- 
erties and uses of shorted and 
open lines are explained in later 
sections of this lesson. For the 
present, we want to mention only 
that the voltage, current, and im- 
pedance conditions in a transmis- 
sion line depend upon the nature 
of its termination, 


A generator connected to the 
sending end of a transmission line 
of infinite length is depicted by 
the drawing of Figure 6. In this 
arrangement, the characteristic 
impedance of the line forms the 
load into which the generator 
operates. The vertical dashed line 
divides the transmission line into 
two sections, a finite length Li, 
and an infinite length L.. If Ly is 
disconnected from Ly, the Lz sec- 
tion is still of infinite length, and 
has the same characteristic im- 
pedance as before. If in place of 
Ly, the receiving end of L, is ter- 
minated in a load equal to the 
characteristic impedance of the 
line, then the circuit is like that of 
Figure 5. So far as the generator 
is concerned, circuit conditions 
are the same as though the gen- 
erator was delivering its output 
to the infinite line of Figure 6. 


NONRESONANT LINE 


When a transmission line is 
terminated in a load equal to the 
characteristic impedance of the 


line, the current and voltage waves 
remain in phase for the entire 
length of the line. In this respect 
the line acts as though it had in- 
finite length. 


The curves of Figure 7 illustrate 
the instantaneous current and 
voltage relations along a line ter- 
minated by a resistance R equal 
to its characteristic impedance Z,. 
There is, of course, some loss in 
the line, causing each succeeding 
peak of current and voltage to 
have slightly less magnitude than 
the preceding peak. The waves can 
be thought of as moving rapidly 
along the line from the generator, 
with the drawing showing how 
the waves would look if they could 
be stopped at some particular in- 
stant. 


If a voltage indicator is em- 
ployed to measure the alter- 
nating voltage at various points 
along the line, it is found that the 
voltage decreases gradually with 
distance from the source as shown 
by the solid line curve of Figure 8. 


However, all the energy that 
finally reaches the end of the line 
is completely absorbed by the 
load. A transmission line oper- 
ated in this manner, that is, ter- 
minated with a resistor R equal 
to Z,, is known as a NONRESONANT 
LINE. 


RESONANT LINE 


A line terminated by a load 
which is not equal to its charac- 
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teristic impedance is called a 
RESONANT LINE. When the waves 
reach the receiving end of a reso- 


the algebraic sum of the outgoing 
and reflected waves at that point. 


Because both waves move with 





A hi-low television antenna. To effect greatest transfer of energy from antenna to receiver, 
the impedances of the antenna, transmission line, and receiver input must be matched. 


Courtesy American Phenolic Corp. 


nant line, the energy is not ab- 
sorbed completely by the load. 
Instead, some is reflected back to- 
ward the source. At any point 
along the line, the voltage and 
current magnitudes are equal to 


the same speed but in opposite di- 
rections, at certain points along 
the line, the voltage E and the 
current I are minimum at all 
times. Midway between these 
points, E and I rise alternately to 
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maximum in one direction and 
then in the other. As they do not 
move along the line, these varia- 
tions of E and I are known as 
standing waves. 


Figure 9 illustrates two condi- 
tions which result in standing 
waves. The curves of Figure 9B 
show the location of the standing 
waves of voltage when the line of 
Figure 9A is terminated in a re- 
sistance R which is greater than 
Z,. Since these curves illustrate 
the standing waves only, for sim- 
plicity both positive and negative 
alternations are drawn upward 
on the graph. The right hand end 
of the graph indicates the voltage 
at the load terminals. 


As shown in Figure 9B, when 
the load resistance R is greater 
than the characteristic line im- 
pedance Z,, the voltage at the load 
terminals is greater than the in- 
put voltage. On the other hand, 
when the load resistance R is less 
than the line impedance Z,, the 
voltage across the load is less than 
the input voltage, as shown in 
Figure 9C. 


HOW STANDING WAVES 
ARE PRODUCED 


The production of a standing 
wave is demonstrated by the 
curves of Figure 10. Here, the 
solid line curves represent the in- 
cident wave, i, which originates 
at O and travels toward T, the 
termination of the transmission 


line. The reflected wave, r, moves 
along the line in the direction 
from T to O. Assume, for exam- 
ple, that waves i and r are voltage 
waves, and that a voltage indica- 
tor is employed at various points 
along the line to measure the volt- 
age between the two conductors 
forming the line. At any given 
point, the magnitude of neither 
wave i nor wave r is indicated by 
the instrument. Instead, the alge- 
braic sum of the voltage waves is 
indicated. 


Figure 10A shows the two trav- 
eling waves at an instant when, 
with i moving to the right, and r 
moving to the left, a positive peak 
of one is at the same point as a 
negative peak of the other. At this 
instant, their respective zero val- 
ues coincide also, as do all values 
of any positive alternation of one 
wave and the corresponding val- 
ues of a negative alternation of 
the other wave. Assuming no 
losses, the waves i and r have 
equal amplitude. At this instant, 
the voltage indicating instrument 
reads zero, at any point along the 
line. For example, at point 1, a 
quarter wavelength from T, the 
positive peak of wave r cancels 
the effect on the meter of the neg- 
ative peak of wave i. At point 2, 
both waves are at zero. At point 
3, peaks again have opposite po- 
larity. At point 4, again both 
waves are at zero, and so on. 


In Figure 10B, both waves have 
traveled a distance of 45°, in the 
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respective directions indicated. 
Since their directions are oppo- 
site, they have a total displace- 
ment of 90° with respect to their 
phase relation of Figure 10A. At 
this instant, the voltage indicator 
reads zero at points 1 and 3 where 
the respective waves have equal 
but opposite values. At point 2, 
both waves are positive, and the 
meter shows a positive value equal 
to their sum. At point 4, both 
waves are negative, and a nega- 
tive value equal to their sum is 
obtained. If readings are taken at 
many points, the indicated values 
along the line vary as shown by 
curve S. 





The 300 ohm twin lead transmission line is 
terminated in its characteristic impedance in 
the television tuner, 


Courtesy Standard Coil Products Co. 


After traveling in their respec- 
tive directions for another 45° 
each, waves i and r coincide as 
shown in Figure 10C. At this in- 
stant, their positive and negative 
peaks add, respectively, to pro- 
duce maximum meter readings as 
indicated by the peaks of curve S. 


All curves cross the zero axis at 
points 1 and 3. Figure 10D shows 
conditions 45° later, where curve 
S has decreased to the same am- 
plitude as in Figure 10B. 

As shown in Figure 10K, after 
each wave has moved a total of 
180°, they have the same phase 
relationship, relative to each 
other, as in Figure 10A. There- 
fore, indicated by the letter S at 
the axis, the sum of the waves has 
reduced to zero at all points. As 
the travelling waves continue 
along the line in their respective 
directions, their values add alge- 
braically to produce total values 
from point to point as shown by 
the curve S in Figure 10F. Notice 
here, at point 4, curve S has a 
positive peak in place of the nega- 
tive peak at this point in Figure 
10B. In Figure 10G, the traveling 
waves coincide, and wave S has 
maximum amplitude. Finally, in 
Figure 10H, each travelling wave 
has moved a total of 360° along 
the line, their phase is the same 
as in Figures 10A and 10H, and 
wave S has fallen to zero. As 
waves i and r continue from this 
point, the entire cycle of events 
is repeated. 

Compare the curves labeled S 
in the various stages of Figure 
10. The S curve crosses the zero 
axis at points 1 and 3. In this ex- 
ample, these points are 1/4, and 3/, 
of a wavelength, respectively, 
from the termination of the line 
at T. The peaks of the curve oc- 
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cur at points 2 and 4, and all other 
multiples of a half-wavelength 
from T. Indicated by curve S in 
Figure 10C, the sum voltage rises 
from zero to a positive peak at 
point 2 and a negative peak at 
point 4, falls to zero in Figure 
10H, then reaches a negative peak 
at point 2 and rises to a positive 
peak at point 4 (Figure 10G), 
and again falls to zero (Figure 
10H). 


Points 1, 2, 3, and 4, and suc- 
cessive points, are at the same re- 
spective positions along the line. 
Thus, corresponding to these 
points, the alternate peaks and 
zero values of the sum voltage re- 
main at the same respective posi- 
tions on the line also. That is, 
with the particular termination 
assumed for this example, as the 
voltage indicator is moved along 
the transmission line, it gives 
minimum or zero readings at all 
points which are at distances 
equal to multiples of quarter- 
wavelengths from T. The indica- 
tor gives maximum readings at 
all points located at multiples of 
one-half wavelength from T. At 
other points, the voltage has in- 
termediate values as indicated by 
curve § in Figure 10C or 10F. 


Because the voltage wave S 
does not travel along the line, but 
instead remains stationary, it is 
called a standing wave. As ex- 
plained, although the standing 
wave does not move along the line, 


it does vary continually in ampli- 
tude. 


Another representation of this 
variation is given in Figure 11. 
Here, the numbered curves show 
a series of instantaneous values 
of the standing wave. The first 
curve coincides with the axis to 
represent the zero value of the 
standing wave. As this wave in- 
creases in amplitude, it is repre- 
sented successively by curves 2, 
3, 4, and so on up to the maxi- 
mum indicated by curve 8. The 
wave then decreases through the 
values shown by curves 7, 6, 5, 
and so to zero, For the second 
half of its cycle, the standing 
wave rises to maximum in the 
opposite direction, as represented 
by curve 9, after which it again 
falls to zero to complete the cycle. 








Coaxial cable transmission lines of various 
construction and sizes. 


Courtesy American Phenolic Corp. 


In addition to a standing wave 
of voltage, there is also a stand- 
ing wave of current produced 
along a resonant line. The phase 
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relation between the voltage and 
current standing waves depends 
upon the termination of the line. 
For example, with a line termi- 
nated in an open circuit, the 
standing wave of voltage is a 
maximum at the open end of the 
line, as in Figure 10. In this case, 
the standing wave of current is 
minimum at the termination point, 
as in Figure 11, thus the two 
standing waves are 90° out of 
phase. As another example, the 
voltage wave has the position of 
that of Figure 11, and the current 
wave that of Figure 10, when the 
line terminates in a short. Again 
the two standing waves are 90° 
out of phase. Described later in 
this lesson, other terminations 
produce other phase relations. 


EFFECT OF LINE 
TERMINATION 


As mentioned, when the outer 
end of the line is shorted, as shown 
in Figure 12A, the voltage stand- 
ing wave is minimum and the cur- 
rent maximum at the shorted end. 
To indicate this, in Figure 12B, 
the voltage is represented by the 
solid line and the current by the 
dashed line curves. 


At any point along a transmis- 
sion line, the impedance Z is equal 
to E/I. In the case of a nonreso- 
nant line, the ratio of voltage to 
current is the same at all points, 
although both voltage and current 
decrease with distance from the 
source. Therefore, E/I is a con- 


stant equal to the characteristic 
impedance Z, at all points along 
the line. 


In the case of a resonant line, 
the ratio E/I varies from point 
to point, and therefore, line im- 
pedance Z, also varies. For exam- 
ple, with the shorted line of Fig- 
ure 12A, the voltage is minimum 
at the short, and the current max- 
imum. Thus, calculated from the 
ratio E/I, Z is minimum at the 
shorted end. However, as shown 
in Figure 12B, at a point located 
one-quarter wavelength back from 
the shorted end, E-is maximum 
and I is minimum. Therefore, at 
this point on the line, E/I=Z is 
maximum. 


The transmission line of Figure 
13A is open at the end, with the 
resulting standing wave condi- 
tions shown by the solid line volt- 
age curve and dashed line current 
curve in Figure 13B. In this case, 
the current is minimum at the 
open end, and the voltage maxi- 
mum. Thus, the impedance Z is 
maximum at the end of an open 
line. At a point one-quarter wave- 
length back from the open end of 
the line, E is minimum and I 
maximum, thus E/I=Z is mini- 
mum at this point. 


In Figure 144, the transmission 
line is terminated by a capacitive 
load, and as shown in Figure 14B, 
the voltage at the load is between 
vhe maximum and minimum yal- 
ues of the standing wave. In fact, 
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the voltage across C varies in- 
versely with its capacitance. As 
the capacitance is reduced, the 
voltage at the load increases, 
and the standing wave ‘‘moves” 
toward the left in Figure 14B, 
thus approaching the conditions 
in the open end line of Figure 
13B. 


A line terminated by an induc- 
tive load and the resulting voltage 
standing wave are illustrated in 
Figure 15. In this case, the volt- 
age varies directly with the in- 
ductance of coil L, and has some 
value between the maximum and 
minimum of the standing wave. 
As L decreases, the voltage at 
the load end of the line decreases 
also, and the standing wave shifts 
toward the left on the graph to 
approach the shorted line condi- 
tions of Figure 12B. 


IMPEDANCE VARIATION 
ALONG TRANSMISSION LINE 


In order to see how the trans- 
mission line characteristics de- 
pend upon its length, consider a 
generator which produces a sig- 
nal of frequency f, and a two- 
wire line which has variable 
length and is short-circuited at 
the receiving end, as illustrated 
in Figure 16. Here, the double 
arrowed line is the “shorting 
bar”. Also, the wavelength is 
designated by the Greek letter 
Lambda (A). 


As the shorted line is increased 
in length from zero to \/4, to the 
generator it acts, or “looks” like 
an inductive reactance of increas- 
ing magnitude. This is illustrated 
by the symbol for a coil between 0 
and \/4 in the lower left in the 
figure. At exactly one-quarter 





Corner reflector antenna employing shielded 
pair transmission line for UHF reception. 


Courtesy American Phenolic Corp, 


wavelength, the line acts like a 
very high resistance, or a parallel 
resonant circuit, as indicated 
above the line at \/4. Between 
one-quarter and one-half wave- 
length, the line acts like a capac- 
itive reactance of decreasing mag- 
nitude until, at exactly \/2, it 
acts like a series resonant circuit 
or a low resistance. 
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Between \/2 and 3/4 it again 
acts like an inductance and pre- 
sents an increasing inductive re- 
actance to the generator. At ex- 
actly 3\/4 it again behaves like a 
parallel resonant circuit, and from 
3A/4 to \, presents a decreasing 
capacitive reactance. At d it is 
again equivalent to a series reso- 
nant circuit, presenting a very 
low resistance to the generator. 


In Figure 17 the generator is 
connected to a line which is open 
at the receiving end and its char- 
acteristics differ from those of the 
shorted line of the same length. 
As this line is increased from zero 
to 4/4, it presents a decreasing 
capactive reactance to the gener- 
ator. At exactly \/4 the generator 
is presented a very low resist- 
ance, and from 4/4 to \/2 the 
impedance consists of inductive 
reactance which increases as the 
line is lengthened until at exactly 
d/2, a very high resistance such 
as would be presented by a par- 
allel resonant circuit is “seen” by 
the generator. 


A decreasing capacitive react- 
ance is presented from \/2 to 
3\/4, and the low resistance of a 
series resonant circuit at exactly 
8\/4. From 3\/4 to A, the line 
presents an increasing inductive 
reactance, and at A, the very high 
resistance equivalent to a parallel 
resonant circuit is presented to 
the generator. 


As in the case of the line 
shorted at the receiving end, to 
the generator the open-end line 
presents an impedance which 
varies with the length of the line. 
Notice that, at even multiples of 
a quarter wavelength, the shorted 
line acts like a low resistance or 
a series resonant circuit, while 
the open line acts like the very 
high resistance of a parallel-reso- 
nant circuit. 


In the study of transmission 
lines, often it is convenient to 
think of a given line in terms of 
degrees rather than linear length. 
With this system, a distance repre- 
senting one wavelength is consid- 
ered as 360°, a half wavelength 
180° and a quarter wavelength 
90°. With the length given in 
degrees and the corresponding 
values and nature of the imped- 
ance given by the curves, the 
manner in which the impedance 
varies with the length of a trans- 
mission line is shown in Figure 
18. Above the horizontal axis the 
reactance is inductive and is rep- 
resented by X,. Below the axis 
the reactance is capacitive and 
is represented by Xe. 


The curves of Figure 18A are 
for a short-circuited line, and 
starting from 0°, the reactance 
is inductive and becomes equal to 
the characteristic impedance of 
the line at point P, which repre- 
sents A/8, or 45°. As the line 
length approaches 90° (one-quar- 
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ter wavelength), the impedance 
rises rapidly to a very high value. 
This is shown in Figure 16 also, 
where at \/4 the impedance is 
equivalent to the high resistance 
presented by a parallel resonant 
circuit. 


Above 90°, the reactance is still 
high but is now capacitive. It is 
equal to the characteristic imped- 
ance (Z,) at 135° (34/8), and 
drops to zero at 180° (\/2). In 
Figure 16, the impedance is indi- 
cated as a Low R at this point, 





and as mentioned, is equivalent 
to a series resonant circuit. From 
earlier explanations it is known 
that, in a series resonant cirenit 
the impedance depends upon the 
resistance of the wire in the cir- 
cuit. If the wire is large and is 
a very good conductor, the resist- 
ance is negligible. For this rea- 
son it is shown as zero at 180° 
in Figure 18A. Continuing be- 
yond 180,° the line reactance 
varies the same as for the first 
180°, and, at 360°, again drops 
to zero. 





Showing connection of tubular, ribbon, and open-wire type lines to lightning arrestors. 


Courtesy American Phenolic Corp. 
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Interpreted in the same man- 
ner, Figure 18B gives correspond- 
ing reactances for the open-cir- 
cuited line of Figure 17. A com- 
parison of Figures 18A and 18B 
shows the important differences 
in the impedances of open and 
shorted lines. 


The current and voltage rela- 
tions in both the shorted or 
closed-end and the open-end lines 
are shown in Figure 19. Here, 
the solid line curves give the volt- 
ages along the lines, and the 
dashed-line curves the currents. 
With the receiving end as the 
reference point, the graph of Fig- 
ure 19A is marked off in quarter- 
wave units and, although the line 
is 5/4 in length, the voltage- 
current relations are the same for 
any length of line. Over a dis- 
tance of one wavelength from the 
closed end of this line, the im- 
pedance variations may be de- 
termined by applying the graph 
of Figure 18A so that 0° and 360° 
correspond to the 0 and \ points, 
respectively, on the graph of Fig- 
ure 19A. 


Thus, at the shorted receiving 
end, the impedance is minimum 
and, therefore, the current is 
maximum and the voltage is min- 
imum. Progressing from point 0 
to point \/4, the impedance and 
voltage increase and the current 
decreases until, at 1/4 (90°, Fig- 
ure 18A), the impedance and volt- 
age are maximum and the cur- 


rent is minimum. Beyond 4/4, 
the impedance and voltage de- 
crease and the current increases 
until, at 4/2 (180°), the current 
is maximum and the impedance 
and voltage minimum. 


A similar cycle of variations 
occurs over each succeeding. half- 
wavelength of the line until the 
generator is reached. Notice that 
points of maximum voltage, E,,, 
and points of maximum current, 
I,, are spaced at alternate quar- 
ter-wave intervals from the re- 
ceiving end, and that points of 
maximum voltage correspond to 
points of minimum current, and 
points of maximum current cor- 
respond to points of minimum 
voltage. 


In a similar way, the graphs of 
Figure 18B and Figure 19B show 
the impedance, voltage, and cur- 
rent variations for the open-end 
type line. Here, the high imped- 
ance of the open receiving end 
causes the current to be minimum 
at point 0, Figure 19B, while the 
voltage is at maximum. Again a 
complete cycle of variations. oc- 
curs over each succeeding half- 
wavelength, and for both the 
open and shorted types of lines, 
the voltage maximum and cur- 
rent minimum points correspond 
to points of high impedance, 
while the voltage minimum and 
current maximum points corre- 
spond to points of low imped- 
ance. 
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Regardless of line length with 
respect to signal wavelength, 
standing waves are always pro- 
duced if the line is not terminated 
by a resistance equal to its char- 
acteristic, or surge impedance. 
The maximum voltage and cur- 
rent in Figure 19, are called 
LOOPS, while the minimum values 
are called NODES. 


If, instead of being shorted or 
open, the transmission line is ter- 
minated by pure inductance or 
pure capacitance, the loops and 
nodes are shifted along the line, 
but retain their respective quar- 
ter-wave spacing. The first volt- 
age loop and current node is less 
than a quarter wavelength from 
the end of the line if the termina- 
tion is inductive, while the first 
current loop and voltage node is 
less than a quarter wavelength 
from the end if the termination 
is capacitive. In each case, the 
displacement is proportional to 
the terminating inductance or ca- 
pacitance. 


When the terminating load is 
purely resistive but not equal to 
Z,, some power is consumed by 
the load, and some is reflected to 
cause standing waves. Again, the 
distribution of current and volt- 
age loops and nodes is the same 
as shown in Figures 19A or 19B. 
However, the node values are no 
longer zero but have a value pro- 
portional to the power delivered 
to the load. 


For example, in Figure 20 the 
line is terminated by resistance 
R=3Z,, and there is a voltage 
loop and current node at the re- 
ceiving end of the line as indi- 
cated by the graph. In Figure 21, 
the load resistance is equal to one- 
third of Z,, and the receiving end 
of the line has a current loop and 
a voltage node. In both figures, 
the maximum and minimum levels 
are indicated by dashed horizon- 
tal lines, and as the resistance of 
R is made closer and closer to Z,, 
these horizontal lines approach 
each other until, as shown in Fig- 
ure 22, when R=Z,, they form 
a single line and no standing 
waves exist. 


On the other hand, the greater 
the difference between R and Z,, 
the greater the spacing between 
the horizontal dashed lines of Fig- 
ures 20 and 21. That is, the great- 
er the impedance mismatch be- 
tween the transmission line and 
the load, the greater the ampli- 
tude of the standing waves. When 
the load contains inductive or ca- 
pacitive reactance as well as re- 
sistance, the nodes are greater 
than zero as in Figures 20 and 21, 
but the waves are shifted along 
the line as explained for pure re- 
active terminations. 


STANDING WAVE RATIO 


Representing the measure of 
mismatch between the transmis- 
sion line and its load, the ratio 
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of the voltage or current at the 
loops to the values at the nodes 
is known as the STANDING WAVE 
RATIO, which is abbreviated SWR 
and stated mathematically by: 


Emax Tax 


, or ——. 


min Tata 


SWR= 





The ratio of mismatch also 
may be expressed in terms of the 
impedances by: 


Zo R 
SWR=—, or —. 
R 


0 





A portable television receiver. The television 

receiver is the load to which the transmission 

line should deliver the signal with as little loss 
as possible. 

Courtesy Emerson Radio and Phonograph Corp. 


Two forms of this equation are 
given so that the common prac- 
tice of stating standing wave ra- 
tios in whole numbers always may 
be employed. 


On a transmission line carry- 
ing considerable r-f power, such 
as that connecting a transmitter 
to the radiating antenna, the volt- 
age loops and nodes are of suffi- 
cient magnitude to permit their 
being measured by moving an r-f 
indicator along the line, after 
which the SWR may be computed, 
using the equations already given. 
For example, in Figure 20 the 
line is terminated with a resist- 
ance greater than the character- 
istic impedance so that the volt- 
age and current vary as shown 
in the graph. Assuming that 3 
volts maximum and 1 volt mini- 
mum are measured, the standing 
wave ratio is: 


3 
SWR=—=3. 
1 


Terminated with a resistance 
lower than the characteristic re- 
sistance, the line of Figure 21 also 
has standing waves on it. If meas- 
uring the voltages results in read- 
ings of 3 volts maximum and 1 
volt minimum, 


3 
SWR=—=3. 
s 


The load resistance of Figure 
22 is the same as the character- 
istic impedance, and therefore, 
the meter indicates a constant 
voltage along the line as shown 
by the graph. In this case the 
SWR is 1, the line is said to be 
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“flat”, and maximum energy is 
delivered to the load. 


Ina receiving transmission line 
there is not enough r-f energy to 
make possible the measurement 
of voltage and current. However, 
the standing wave ratio may be 
determined when the load resist- 
ance and characteristic imped- 
ance are known. In Figure 20, 
R=8Z,, hence: 


R 3 
sWwR=—=— <3, 
Zs 2 


which is the same as previously 
calculated. 


In like manner, in Figure 21, 
R=Z,/3 and: 


o «OL 
SWR=—=—=3. 
R % 


The line of Figure 22 is termi- 
nated with a load resistance equal 
to the characteristic impedance, 
and: 


R 
SWR=—=1. 


In Figures 20, 21, and 22, the 
generators may represent the tel- 
evision receiving antenna, the 
transmission lines the lead-in from 
antenna to receiver, and R the re- 
ceiver input impedance. If R is 
much greater or less than the line 
characteristic impedance Z,, the 
transmission line and the receiver 
input are not properly matched; 


therefore the standing wave ratio 
will be high and reception unsat- 
isfactory. 


The relationship between volt- 
age losses in db and power eflfi- 
ciency in percent to the standing 
wave ratio are shown by the curve 
of Figure 23. For example, with a 
ratio of 2, the voltage loss is .5 db 
with a 10% loss in power efficien- 
cy but, with a ratio of 4, the volt- 
age loss is about 1.8 db with a 
35% loss in efficiency. As this 
chart indicates, the rapid increase 
of the losses makes it very impor- 
tant to keep the standing wave 
ratio as low as possible. 


CHARACTERISTICS OF 
LINE SECTIONS 


Because of the change in im- 
pedance produced by the standing 
waves along shorted and open 
ended transmission lines, as ex- 
plained for Figures 16 through 
23, different lengths or “sections” 
of such lines are employed as var- 
ious types of circuit elements in 
electron equipment. Such sections 
vary in length, and should not be 
confused with the extremely short 
“theoretical sections” mentioned 
above in connection with Figure 
2. As an example, it was men- 
tioned that at a point one-quarter 
wave from the shorted end of a 
line, the impedance Z reaches a 
maximum. In fact, if the line 
losses are low, this maximum Z is 
extremely high. 
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Since this condition is like that 
at the terminals of a parallel reso- 
nant circuit, a shorted line sec- 
tion of one-quarter wavelength is 
the equivalent of a parallel reso- 
nant circuit. Like the resonant 
circuit, the shorted quarter-wave 
section has this very high imped- 
ance at a single frequency only, 





This coupling filter passes to the down-lead 
the VHF signals from the flat twin lead, which 
is connected to the VHF antenna, and the UHF 
signals from the tubular twin lead which con- 
nects to the UHF antenna. The down-lead 
connects to the input terminals of the receiver. 


Courtesy JFD Mfg. Co., Inc. 


this frequency being that at which 
the line length is equal to a quar- 
ter-wavelength (14) of the sig- 
nal applied to the input terminals 
of the line. 


Such a shorted section is illus- 
trated in Figure 24A. Here x and 


y are the input terminals, and D 
is the length of the line section. 
Thus, as indicated by the arrow, 
when “looking into” the line at 
the input terminals, the imped- 
ance which is “seen” depends 
upon the length D relative to one- 
quarter wavelength of the signal 
applied at x and y. As mentioned, 
the impedance seen at x and y is 
very high when D is equal to 14 a. 


Referring again to Figure 12B, 
when the length D of the line sec- 
tion is less than 14, A, the*imped- 
ance Z seen at terminals x and y 
of Figure 24A is some value E/I 
between maximum and minimum. 
Also, in this region, the voltage 
standing wave curve is like that 
at the extreme right end of the 
line in Figure 15. Therefore, at 
its input terminals, a shorted sec- 
tion which is less than 14 long 
“looks” like an inductance. 


When the shorted section is 
greater than 14, in length, again 
the impedance at its input termi- 
nals is between maximum and 
minimum, and the voltage stand- 
ing wave is like that at the end 
of the line of Figure 14. Thus, 
at its input terminals a shorted 
section with length D greater 
than 1A looks like a capacitance. 


When the length D, Figure 
24A, is equal to one-half wave- 
length, Z is minimum, and the 
section acts like a series resonant 
circuit. Similar equivalent condi- 
tions exist in the case of the open 
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ended line section of Figure 24B. 
Here, looking in at terminals x 
and y the impedance is very low, 
nearly zero, when D is equal to 
14, therefore, the line section is 
equivalent to a series resonant or 
a short circuit. On the other hand, 
when D is equal to 14 \, the im- 
pedance is very high, and the 
section is equivalent to a parallel 
resonant or an open circuit. An 
open section looks like a capaci- 
tance at its input terminals if its 
length D is less than 1A, but 
if D is between 14 and a, 
the input terminals present an 
impedance which looks like an 
inductance. 


Figure 24C shows a line section 
which is terminated by a simple 
or complex circuit element of im- 
pedance Z which provides condi- 
tions other than an open or short 
at that end of the line. In this 
case, the impedance seen at x and 
y depends not only on the length 
of the section, but also upon the 
nature of Z. 


For various section lengths and 
terminations, Table 1 lists the 
type and relative magnitude of 
the impedance which is presented 
to the signal applied to the input 
terminals x and y of the line sec- 
tions of Figure 24. The listed ter- 
minations consist of opens, shorts, 
and resistances greater than, 
equal to, or less than the char- 
acteristic impedance Z, of the 
line. 


As the table shows, a quarter- 
wave section “inverts” the load 
impedance such that the opposite 
magnitude is presented by the in- 
put terminals. A half wave sec- 
tion presents the same impedance 
at the input as is provided by 
the termination at the load end 
of the line. When the termination 
is a resistance R greater or less 
than Z,, the other sections present 
input impedance with a reactive 
component. In all cases, the in- 
put impedance is Z, when R is 
equal to Z,. If a line having length 
equal to some multiple of a half 
wavelength is added to any of the 
above transmission line sections, 
the impedance characteristics at 
the input terminals are the same 
as the input of the original sec- 
tion. 


APPLICATIONS OF 
LINE SECTIONS 


Because of their electrical equiv- 
alence to various circuit elements, 
transmission line sections are em- 
ployed wherever the ordinary 
lumped type elements are imprac- 
tical, such as in VHF, UHF, and 
SHF equipment. Technicaily, 
these sections could be employed 
in lower, frequency circuits also, 
but are impractical because of 
their excessive lengths. Of course, 
there is a border line frequency 
band in which either the line sec- 
tion or lumped type circuit ele- 
ments may be used, and the choice 
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must be determined by other de- 
sign factors. 


Impedance Matching 


A useful property, known as 
impedance matching, is provided 
by the characteristics of a quar- 
ter wave line if the input imped- 
ance Z;,, the output impedance 
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Zu. and the characteristic imped- 
ance Z, have the relationship: 


ZP= Zin X Zour 


This relation may be expressed 
as: 


L=VUXZs 





TABLE 1 





With Line Load End zl 


Length of Line Terminated in 


At Input the Line looks like a 





Less than 14, | Open 
R greater than Z, 


R equal to Z, 


Capacitance 

Capacitance and resistance in 
series 

Resistance equal to Z, 











R less than Z, Resistance and inductance in 
series 
Short Inductance 
Yr Open Short, or series resonant circuit 
R greater than Z, Resistance less than Z, 
R equal to Z, Resistance equal to Z, 
R less than Z, Resistance greater than Z, 
Short Open, or parallel resonant cir- 
cuit 
Between 14, | Open Inductance 
and 14 y R greater than Z, Inductance and resistance in se- 
ries 
R equal to Z, Resistance equal to Z, 
R less than Z, Capacitance and resistance in 
series 
Short L Capacitance 
Yr 4 Open Open 


R greater than Z, 
R equal to Z, 

R less than Z, 
Short 





a 





Resistance equal to R 
Resistance equal to Z, 
Resistance equal to R 
Short 
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when, 


Z,=characteristic impedance of the 
line in ohms 


Z,=input impedance in ohms 


Z.=output impedance in ohms 


Rearranging the equation to 
the form: 
Z* 


Zin=—, 


out 


the inverse relationship between 
the input and output impedance 
of a 14, wavelength line is shown 
more clearly. As Z, is generally a 
resistance, the equation indicates 
that the product of Zi, Zou. also 
is a resistance. Although Z;, may 
contain an inductive reactance 
and Zou. a capacitive reactance, 
their vector product result is a 
resistance. 


Referring to Figure 18B, it is 
seen that a line of 14, wavelength 
is equivalent to 90° of the electric 
cycle. In changing from minimum 
to maximum, or vice versa, the 
impedance is said to be converted. 
It is this conversion of impedance 
which makes it possible to employ 
the line for impedance matching. 


For example, assume it is de- 
sired to match a 500 ohm line to 
a 72 ohm antenna. Substituting in 
the above equation, with Z,;—500 
ohms and Z.—72 ohms: 


Zo=V 2X Z=V 500 X72 


=190 ohms (approx.) 


Therefore, a line with a charac- 
teristic impedance of 190 ohms 
will effect an impedance match 
between the 500 ohm input line 
and the 72 ohm antenna. 


In addition, line sections are 
employed as tank circuits in os- 
cillator, amplifier, and converter 
stages. They are used as series or 
parallel resonant circuits for 
wave trap purposes. Other uses 
include filters, phase converters, 
switching circuits, insulators, 
connecting a balanced circuit to 
an unbalanced circuit, and mak- 
ing standing wave measurements. 


DELAY LINES 


For any type of transmission 
line, it takes a short but definite 
time for a given applied signal to 
travel from one end of the line to 
the other. This fact is made use of 
in electron applications in which 
it is necessary to delay the signal 
by some time interval, and a 
transmission network used for 
this purpose is known as a delay 
line. Delay lines are employed as 
part of pulse generating circuits, 
for delaying pulses, and as a 
means of obtaining the desired 
pulse waveform. In these appli- 
cations, usually the delay time 
(ta) is on the order of 10 micro- 
seconds or less. 


As explained previously, unless 
a transmission line is terminated 
by resistance equal to its char- 
acteristic impedance Z,, energy 
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will be reflected at the load or re- 
ceiving end and travel back along 
the line to the sending end. Also, 
unless the signal source impedance 
is equal to Z,, the reflected energy 
will be reflected at the sending 
end and travel toward the receiv- 
ing end again. For delay lines, re- 
flection from the receiving or load 
end of the line is desirable. To 


When the line is shorted at the 
load end, R,=O, and K is equal 
to —1. All the energy is reflected, 
but the reflected signal is inverted, 
or shifted in phase by 180°. For 
a sine wave signal, this condition 
is illustrated in Figure 25A where 
the solid sine curve represents the 
waves traveling from the input 
end of the line toward the load R,, 


















































TYPE SURGE ATTENUATION IN | EFFICIENCY MAXIMUM BALANCED | SHIELDED 
oF IMPEDANCE |B PER 100 FT. AT IN % LERCOMMENGED OR oR 
LINE FROM] TO | SOMc | soo Mc | VHF | UHF VHF. uHF | __UNBAL. UNSH, 
alta 
(a) 
twisted | 40 | iso | 6.50 — 22 | — 50 — BAL UNSH 
PAIR 
(8) 7 300 85 57 62 27 150 so BAL UNSH. 
TWIN LEAD i 
{c) 
TUBULAR 7 300 69 34 8s 46 200 100 BAL. UNSH. 
TWIN LEAD 
{oh 48 150 40 5.0 92 32 400 50 UNBAL. SH 
COAXIAL 7 
(e) 
SHIELDED 90 1580 3.00 $0 100 BAL, SH. 
PAIR 























Table compares characteristics of the various types of transmission lines 
employed for television reception. 


prevent distortion of pulse type 
signals, the reflecting end either 
must be open, shorted, or termi- 
nated in pure resistance. 


The magnitude of the reflected 
energy relative to that applied to 
the input end of the line may be 
expressed in terms of the coeffi- 
cient of reflection (K), which is 
defined as the ratio of the differ- 
ence to the sum of the character- 
istic impedance Z, of the line and 
the terminating load resistance 
R,. That is: 


Res 
 RitZo 





and the dashed curve represents 
the reflected waves. The same con- 
ditions are shown in Figure 25B 
where the signal consists of a se- 
ries of rectangular pulses. 


When the line is terminated in 
resistance less than Z,, the same 
phase relations exist as shown in 
Figures 25A and 25B, but the re- 
flected waves or pulses have less 
amplitude. When R,=Z,, all the 
energy is transferred to the load 
and there is no reflection since 
K=O. 


When the load consists of re- 
sistance greater than Z,, then 
some energy is absorbed by Ry 
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and some reflected, but the re- 
flected waves or pulses have the 
same polarity as before reflection. 
That is, reflection at the load oc- 
curs without inversion of the sig- 
nal. Finally, all the energy is re- 
flected without inversion when the 
line is open at the load end. Then 
R, is equal to infinity, and K is 
equal to +1. For pulse signals, 
this condition is illustrated in 
Figure 25C where the reflected 
(dashed line) pulses are shown 
returning back along the trans- 
mission line with the same polar- 
ity as the incoming pulses. 


For many applications, an im- 
practical length of ordinary trans- 
mission line would be required to 
obtain the needed delay time t,. 
In such cases, it is common prac- 
tice to substitute an artificial line 
consisting of a series of LC sec- 
tions as shown in Figure 26. Here, 
each section corresponds to the 
sections of a real transmission 
line, having series inductance and 
shunt capacitance as explained for 
Figure 2. Thus, whereas Figure 
2 shows how an actual transmis- 
sion line is equivalent to a series 
of similar RCL networks, Figures 
2 and 26 may be compared to 
show that an artificial line, con- 
taining lumped L and C compo- 
nents, is basically like a real line 
in which R and G are negligibly 
small. 


Each section of an artificial line 
is composed of an inductance L 


and capacitor C connected in the 
form of an L-section low-pass fil- 
ter, as shown in Figure 27. Since 
the characteristic impedance of a 
line is equal to the impedance of 
each elementary section, the char- 
acteristic impedance Z, of the 
artificial line of Figure 26 is 
given by: 


when L is the inductance and C 
the capacitance of each elemen- 
tary section. 


The delay time t, required for a 
signal impulse to travel from one 
end of the line to the other may 
be calculated from: 


tu=NVLXC 


where N=the number of LC sec- 
tions and L and C again are the 
inductance and capacitance of the 
section. 


However, as described in an 
earlier lesson on filters, the net- 
work of Figure 26 also operates 
as a multi-section low-pass filter. 
The cut-off frequency f, is given 
by: 


1 





f= a 
aJLC 

Thus, all signal frequencies be- 
low f, are transmitted with prac- 


tically no loss in the line, but all 
above f, are sharply attenuated. 
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Practical delay lines take two 
forms: the artificial line made up 
of lumped L and C sections as in 
Figure 26, and the “smooth” type 
in which the inductance is pro- 
vided by a single continuous wind- 
ing covered by a dielectric coating 
and an outer metal cover to pro- 
vide the capacitance. The con- 
struction of the smooth line is 
shown in simple pictorial form in 
Figure 28A, and its diagrammatic 
representation in Figure 28B. 


A second type of smooth delay 
line is illustrated in Figure 29. 
This arrangement is called a bal- 
anced line and consists of two 
windings wound in opposite direc- 
tions and insulated by a dielectric. 
Thus part of the inductance is in 
each side of the circuit, and the 
capacitance exists between the 
two insulated windings. For a 
given delay time, this type of line 
has about one-half the d-c resist- 
ance of a single sided line. 


When commercial delay lines 
are employed, a type having the 
desired characteristic impedance 
is selected, and the required delay 
time obtained by using as many 
units as necessary. 


TRANSMISSION LINE 
CONSTRUCTION 


Although only two basic types 
of transmission lines have been 
mentioned, there are several ver- 
sions of these in frequent use. 
Illustrated in Figure 30, those 


particularly adapted to the trans- 
fer of r-f signals from antenna 
to the receiver are designated as 
follows: 


(A) Twisted pair 


(B) Twin Lead (Two-wire par- 
allel conductor) 


(C) Tubular Twin Lead 
(D) Concentric or coaxial line 
(E) Shielded pair 


As shown in Figure 30A, the 
twisted pair consists of two insu- 
lated wires, the characteristic im- 
pedance of which ranges from 40 
to 150 ohms. A feature of this line 
is its flexibility and comparatively 
low cost, but it has the disadvan- 
tage of a relatively high attenua- 
tion loss of 6.5 db per hundred 
feet at 50 me. Since its losses 
become appreciably greater at 
higher frequencies, this type of 
line is rarely used in television 
installations. 


The lines most commonly em- 
ployed with television receiving 
antennas are the two-wire lines 
of Figure 30B and 30C. Known 
as “twin-lead,” they have char- 
acteristics of low loss and flexi- 
bility with impedances ranging 
from 75 to 300 ohms. The flat 
type of Figure 30B has an at- 
tenuation of .85 db per hundred 
feet at 50 mc, and a maximum 
recommended length of 150 feet. 
When the capacitance between 
each conductor and ground is 
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uniform along its entire length, 
the line is said to be “balanced” 
to ground. The lines of Fig- 
ures 30B and 30C are balanced 
types. However, to maintain the 
balanced condition, they must be 
kept well clear of any conduct- 
ing objects, such as guy wires, 
gutters, and down spouts. 


The tubular twin lead of Figure 
30C is a definite improvement 
over that of Figure 30B. As 
shown in Figure 30F, due to the 
hollow construction, power losses 
are reduced by keeping the mois- 
ture and dirt which gather on the 
line surface out of the strong 
field which exists between the 
two conductors. This difference 
is especially important at UHF 
frequencies. For instance, mois- 
ture on ordinary twin lead in- 
creases the loss by 23 db per 
hundred feet at 700 me while 
tubular twin lead has an added 
loss of only 5 db. 


Consisting of an insulated cen- 
ter wire enclosed by a concentric 


metallic outer covering which may 
be rigid or flexible, the concentric, 
or coaxial line is shown in Figure 
30D. It is not subject to pickup 
of stray fields and is the most 
efficient of the four for VHF 
reception. 


The shielded pair of Figure 
30E consists of two separate par- 
ellel conductors insulated from 
each other by a low loss dielectric, 
such as the plastic polyethylene. 
The actual conductors are con- 
tained within a tubing made of 
copper braid which acts as a 
shield, and the entire assembly is 
covered with a rubber or plastic 
composition to provide weather- 
proofing. 


This type has two outstanding 
advantages; first, the conductors 
are shielded against stray pickup 
and interference, and second, due 
to the enclosing shield, the line is 
balanced to ground at all points. 
Therefore, it can be run close to 
conducting objects without upset- 
ting the line balance. 
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IMPORTANT DEFINITIONS 


CHARACTERISTIC IMPEDANCE—(Z,) The impedance which a 
transmission line has due to its distributed properties of in- 
ductance, capacitance, and resistance. 


DELAY LINE—A section of real or artificial transmission line, the 
purpose of which is to delay a given signal by some desired in- 
terval of time (ta). 


STANDING WAVES—Stationary waves formed on a transmission 
line due to the addition of the incident and reflected waves. 


STANDING WAVE RATIO—(SWR)—Ratio of peak to minimum 
voltages along a mismatched line. 


SURGE IMPEDANCE—See characteristic impedance. 


TRANSMISSION LINE—A set of conductors employed to transmit 
signal energy or current from one point to another. 


STUDENT NOTES 


STUDENT NOTES 


STUDENT NOTES 


CONDUCTORS —— 
DIELECTRIC: 


A 
INNER COVER 
CONDUCTOR 
DIELECTRIC cal 
B 
FIGURE | 





k—SecTION #1 





I 
| 
| 
| 
| 
| 
| 
| 
| 
p 





FIGURE 3 


T2c-19 









FIGURE 2 


ELECTRIC FIELD 














1) (2) (3) ) (8) 
A 
—————_a—_I 
Time —> 
B 
FIGURE 4 


SENDING RECEIVING 
— 















END ND 
" V 
INFINITY > 
source ——41 —l leu, ‘a 
FIGURE 5 FIGURE 6 











FIGURE 7 FIGURE 8 
RESISTANCE 
aa GREATER OR 
aa LESS aa 
DISTANCE win 
B 


T2c-19 FIGURE 9 





























FIGURE 10 


T2c-i9 


AMPLITUDE 











DISTANCE 
8 

















DISTANCE DISTANCE 
B B 


FIGURE 13 FIGURE 14 FIGURE 15 


Low R HIGH R LOW R HIGH R LOW R HIGH R LOW R HIGH R LOW R HIGH R 


at, 


PGEG 





ce) eeepc | 


7O > Grr 
| mele 
Ad ep 





T 
1 
| 
at 


ap|------4 








ie 
INDUCTIVE CAPACITIVE INDUCTIVE CAPACITIVE CAPACITIVE INDUCTIVE CAPACITIVE INDUCTIVE 
REACTANCE REACTANCE REACTANCE REACTANCE REACTANCE REACTANCE REACTANCE REACTANCE 


T2c-19 FIGURE 16 FIGURE 17 























FIGURE 20 FIGURE 21 


a 



































FIGURE 22 
5 8 
45) 
4 60 
335 
8 
2 3 
x 
ie z 
2. 378 
g 
Ls 29, 
3 3 
' 21 
Q 
5 tira 
& 
° lo 
r 2 34567890 
‘STANDING WAVE RATIO 
FIGURE 23 
D ) 
= I eee aes ara, — 
— SHORTED] —> OPEN =—> 
Y yYo————__________o__ yo 
A B Cc 


120-19 FIGURE 24 











Cc 
FIGURE 25 
L L L ut L 
c Cc Cc c | c 
FIGURE. 26 FIGURE 27 
METAL COVER OTT TTTTH——o vale. 
cece =_~ 
A B 
F 5 
FIGURE 28 ae 
es PARNER 
/ © 
TUBULAR 
TWIN LEAD. 
A B c D E 
FIGURE 30 


T2c-19 


Keen sense of worth and power to the man 
who wins the fight; 
His failures test his courage and his problems 
is might: 
Until a man has conquered loss and over- 
He cannot fully ‘understand just why success 


eet. 
I'm thankful for my disappointments, for 


And for mistakes that seemed fo charge an 


That all things work together for the good 
I'm glad for all that life has brought, be- 


That men must brave adversities if they 
would greater grow. 
—O. Lawrence Hawthorne. 


Yours for success; 


WC keto 


DIRECTOR 


Tl 


